The spectral and temporal properties of single-and two-photon fluorescence of a dye-doped linear homogeneous polymer are reported.
INTRODUCTION
Materials that exhibit strong two-photon absorption (TPA) are currently of considerable interest for a variety of applications. [1] [2] [3] [4] [5] Upconversion lasing based on TPA organic dye is especially important because of its obvious advantages compared with frequency-doubling technology, such as elimination of the phase-matching requirement, the feasibility of using semiconductor lasers as pump sources, and ease in adapting of waveguide and fiber configurations. The properties of TPA-induced upconversion lasing in solution and in solid materials have been studied intensively. 1, 6, 7 However, we have found few reports of TPA and its upconversion lasing properties at various wavelengths. An organic dye, trans-4-[ p-(Nhydroxyethyl-N-ethylamino)styryl]-N-methylpyridinium p-toluene sulfonate (HEASPS) was synthesized recently, its optical properties in solution were reported. 8, 9 The spectral and temporal properties of TPA-induced fluorescence and superradiance as well as the two-photon transmittance and upconversion efficiencies at several wavelengths are reported in this paper.
EXPERIMENTAL METHODS

A. Materials Preparation
We made the dye-doped linear homogeneous polymer by doping 0.0227 g of HEASPS into 5-mL 2-hydroxyethyl methacrylate and then adding 0.0459 g of 2,2Ј-azo-bis-iso-butyronitrile as the initiator. This reactant mixture was poured into a clean 1-cm-path glass cuvette and slowly polymerized for 7 days to form a linear homogeneous polymer at 40°C. The concentration of HEASPS was ϳ0.01 mol/L. Then we released the dyedoped polymer by breaking the glass cuvette. The homogeneity and transparency were sufficient for our experiments. Figure 1 shows the experimental setup for the measurement of spectral and temporal behavior of TPA-induced fluorescence and superradiance. The incident 1064-nm laser beam came from a mode-locked Nd:YAG laser (Continuum, PY61C-10). The beam size, pulse duration, angular divergence, and repetition rate were 3 mm, 50 ps, 0.4 mrad, and 10 Hz, respectively. The pump laser beam was focused through an f ϭ 15-cm lens onto the sample. An IR-cutting filter was used to cut the transmitted beam from the pump laser. The spectral distribution and the temporal behavior of TPA-induced fluorescence and superradiance were measured with a streak camera (Hamamatsu, C5680-01) in conjunction with imaging spectrography (Hamamatsu C5094 spectrometer). The temporal resolution of the streak camera was 2 ps. A beam splitter was used to split off ϳ5% of the pump laser to the detector of a delayer. Figure 2 shows the experimental setup for the measurement of two-photon transmittance and upconversion effi-ciencies at various wavelengths. The pump laser beam came from a picosecond optical parameter amplifier (OPA) operating at wavelengths from 400 nm to 2 m. The output energy, pulse duration, angular divergence, and repetition rate were 0.8 mJ, 50 ps, 5 mrad, and 10 Hz, respectively. The laser beam was focused through an f ϭ 15-cm lens onto the center of sample. When the transmittance was measured, a visible-cutting filter was used to cut the upconverted superradiance. For measurement of the upconversion efficiencies we used an IRcutting filter to cut the transmitted pump energy. We used two-channel energymeter (Molectron, EPM 2000) to detect the incident and transmitted energy. Figure 3 shows the spectral distribution of single-and two-photon fluorescence. From curves (a) and (b) one can see that the shapes of the single-photon and the twophoton fluorescence are almost the same, except for a slight blueshift in the two-photon fluorescence compared with the single-fluorescence. This similarity indicates that the molecules are excited to the same excited states and that the transition path is the same for the singlephoton and the two-photon pump processes. From curves (c) and (d) it can been seen that the central wavelengths of single-and two-photon superradiance are 592 and 600 nm, respectively. Here there is an 8-nm blueshift in the single-photon superradiance compared with the two-photon superradiance. This blueshift can be explained by use of the reabsorption effect. There is intense linear absorption at 532 nm. The pump laser beam at 532 nm cannot penetrate the sample. The singlephoton-induced superradiance emits from the surface of the sample. The reabsorption affects the superradiance slightly. However, the pump laser beam at 1064 nm can penetrate the sample deeply. The two-photon superradiance is emitted from the sample along the pump laser beam, and the reabsorption affects it intensively. So there is an obvious blueshift.
B. Measurements of Spectral and Temporal Properties of Two-Photon-Absorption Fluorescence and Superradiance
C. Measurements of Two-Photon Transmittance and Upconversion Efficiencies at Different Wavelengths
RESULTS AND DISCUSSION
A. Spectral Properties
The central wavelength of the two-photon superradiance is 624 nm for a HEASPS solution in dimethyl formamide at a concentration of 0.05 mol/L. 8 There is a 24-nm blueshift in the polymer relative to the dimethyl formamide solution. This shift is due to differences in the interaction of the dye molecules and the solvent molecules.
From curves (a) and (d) of Fig. 3 it can be seen that there is a 20-nm blueshift for two-photon superradiance compared with two-photon fluorescence for the same concentration. This difference is due to differences in reabsorption coefficients under different conditions. The twophoton fluorescence is collected from the side of the sample. The fluorescence must transmit from the dye solution where the molecules are in the ground state. The reabsorption coefficient is bigger. The superradiance is transmitted from the sample along the pump laser beam. At the high pump intensity most of the molecules along the pump laser beam are pumped to excited states. The reabsorption coefficient is much smaller than that of the molecules in the ground state. So an obvious blueshift occurs. For a single photon the phenomenon and the reasoning behind it are similar. Figures 4(a) and 4(b) show the temporal behavior of single-and two-photon fluorescence, respectively. The dotted curves are the measured data. The solid curves are theoretical curves with the best-fit lifetimes ϭ4.3 and ϭ4.1 ns for single-and two-photon fluorescence, respectively. Because the pulse duration of the pump laser is very small (50 ps) compared with the lifetime of the fluorescence, only the falling edge is fitted. There is no obvious difference between single-and two-photon fluorescence. The lifetimes of single-and two-photon fluorescence of HEASPS in polymer are much longer than in dimethyl formamide. 9 The lifetimes are only approximately 86 and 65 ps for single-and two-photon fluorescence, respectively. The long lifetime of HEASPS in polymer is due to the much smaller collision between dye molecules as well as between the dye and the polymer molecules. The long lifetime of the fluorescence is propitious for the storage of pump energy and the formation of cavity lasing.
B. Temporal Properties
Figures 5(a), 5(b), and 5(c) show the temporal behavior of the pump laser and single-and two-photon superadiance, respectively. The pulse durations of single-and two-photon superradiance are almost the same and are nearly equal to that of the pump laser. The equation for the duration of the pump laser beam and the superradiance indicates that the picosecond laser beam is the best pump source for two-photon superradiance of the dye.
C. Nonlinear Transmittance
To study the TPA properties of the dye-doped polymer at different wavelengths we measured the nonlinear transmittance from 720 to 1150 nm, as shown in curve (a) of Fig. 6 . To exclude the influence of linear absorption of the matrix and the dye we measured the linear absorption spectrum, as shown in curve (b). The absorption peaks in curve (a) were caused by the polymer matrix. When the linear transmittance is small, the nonlinear absorption can be calculated by
Curve (c) of Fig. 6 shows the calculated nonlinear transmittance at different wavelengths. From curve (c) one can see that there is TPA at the wavelengths from 850 to 1100 nm, with the strongest absorption located at ϳ930 nm. 
D. Upconversion Efficiencies at Several Wavelengths
In the measurement of transmittance at a number of wavelengths we found that the strongest upconversion efficiency was at ϳ1030 nm, not at 930 nm where the TPA was the greatest. So we measured the upconversion efficiencies at different wavelengths, as shown in Fig. 7 . It can be seen that the highest upconversion efficiency is 4.05% at 1030 nm. At 1064 nm the upconversion efficiency is ϳ3.6%. There is approximately a 100-nm redshift for the highest upconversion wavelength compared with the strongest TPA wavelength. This phenomenon can be explained as follows: At a pump wavelength near 930 nm the electrons are excited to higher-level excited states, where the electrons easily relax to a specific state from which the electrons come back to ground states by nonradiative transition. At a pump wavelength near 1030 nm the electrons are excited to lower-level excited states, where the electrons easily relax to a specific state from which the electrons come back to the ground state by radiative transition. An accurate description of this phenomenon still needs to be formulated; further experiments will focus on this.
The upconversion efficiency at 1064 nm reported here is much smaller than that (15.5%) reported in Ref. 8 . There are three reasons: First, the concentration (0.01 M) here is smaller than that reported in Ref. 8 (0.025 M); second, the pump energy (0.8 mJ) here is smaller than that (2.13 mJ); third, the optical beam quality (angular divergence of 5 mrad) here is worse than that (0.4 mrad).
CONCLUSION
In this paper we have reported the spectral and temporal properties of single-and two-photon fluorescence and superradiance in a linear homogeneous polymer doped with an organic dye, HEASPS. The blueshift for the central wavelength of single-and two-photon superradiance compared with that of single-and two-photon fluorescence and the blueshift for single-photon superradiance compared with two-photon superradiance have been explained by use of the reabsorption effect. The lifetimes of the fluorescence were measured to be 4.3 and 4.1 ns for single-and two-photon fluorescence, which were much longer than those reported in solution. The pulse duration of superradiance is similar to that of the pump laser, which indicates that the picosecond laser is the best pump source for this dye. Two-photon transmittance of this dye-doped polymer at several wavelengths was measured, and the strongest TPA was located at ϳ930 nm. The upconversion efficiencies at different wavelengths were measured, and the highest efficiency was located at 1030 nm. There was a 100-nm redshift for the highest upconversion efficiency wavelength compared with the strongest TPA wavelength. Possible mechanisms for these changes have been discussed.
